Background and Purpose-Motor recovery after stroke is associated with cerebral reorganization. However, few studies have investigated the relationship directly, and findings are equivocal. We therefore aimed to characterize the relationship between motor impairment, motor recovery, and task-related changes in regional cerebral blood flow (⌬rCBF) longitudinally. Methods-We obtained a profile of motor impairment and recovery in the upper limb and conducted positron emission tomography motor activation studies using a simple finger-tapping task in 9 stroke patients 2 to 7 weeks after stroke and 6 months later. For correlation analysis, mean images of task-related ⌬rCBF for each individual were linearly regressed with motor impairment scores. Motor recovery was correlated with longitudinal ⌬rCBF images. Results-Patients (7 males; 72.0Ϯ9.8 years) demonstrated a wide range of impairment severity and variable recovery.
D evelopment of restorative approaches to neurorehabilitation requires integration of research into behavioral outcomes and mechanisms of neural plasticity and repair. Evidence of changes in sites of task-related brain activation, mostly in recovered stroke patients, is identified relative to healthy controls and over time. 1 Presumably, these changes are adaptive and related to behavioral recovery. However, limited range in severity of motor impairment and recovery in most studies impacts on the ability to adequately test these propositions. Further, only a few studies have correlated behavioral outcome with relative cerebral blood flow or blood oxygenated level-dependent signal change, [2] [3] [4] and findings are equivocal. Moreover, the temporal aspects of the relationship need to be established, given evidence of dynamic changes.
Adaptive versus maladaptive brain reorganization reported in animals is possibly related to compensatory motor strategies. 5 Therefore, it is important that neural correlates of motor recovery are established relative to functionally and clinically relevant motor recovery. Yet, the scanning environment dictates sampling of restricted movements such as finger tapping, gross grasp, or passive elbow movement. It is unclear how well these surrogate markers of recovery correlate with motor function in the upper limb.
To address these issues, we characterized the nature of impaired motor function in the upper limb after stroke and investigated the relationship between motor impairment, motor recovery, and changes in regional cerebral blood flow (⌬rCBF) longitudinally. Specifically, we hypothesized that: (1) upper limb function would be highly correlated with finger-tapping ability; (2) task-related ⌬rCBF in primary and nonprimary motor areas would correlate with level of impairment on the Action Research Arm Test (ARAT); and (3) longitudinal changes in ⌬rCBF would correlate with change in ARAT (recovery) over time.
Methods

Subjects
Nine stroke patients with first-episode cortical or subcortical infarcts of middle cerebral artery (MCA) origin participated after giving written informed consent. They were medically stable, could comprehend simple instructions, and were right-hand dominant. Infarct site was identified using structural magnetic resonance (MR) or computed tomography (CT) scans and classified using clinicoradiological criteria. 6 Patients with brain stem infarcts, previous neurological dysfunction, history of impaired hand function, or history that precluded positron emission tomography (PET) scanning were excluded. The study was approved by the local ethics and radiation safety committees.
Experimental Design
Quantitative measures of upper limb function and finger-tapping ability were obtained on 2 occasions, 2 to 7 weeks after stroke and 6 months later. Brain activation during performance of a simple finger-tapping movement was obtained within 48 hours of the quantitative measures using PET. This movement is frequently impaired after stroke, can be partially spared even in patients with severe motor impairment, is a good predictor of motor recovery and attainment of rehabilitation goals, and provides an indication of the integrity of the corticomotor tract. 7
Quantification of Motor Impairment and Recovery
Our primary index of motor outcome, the ARAT, comprises reach and grasp movements, has good reliability, and is able to detect clinically relevant recovery after stroke. 8 Individual item rating (0 to 3) is based on item completion and clinical judgment of normality, with a maximum possible score of 57.
Finger-tapping ability was quantified across parameters of range, rate, and control using a finger electrogoniometer that digitally monitors range of movement (G35; Biometrics Ltd,) and a computerized fingertracking task (HyperTrack V2.2a; SDR Clinical Technology). Range of active flexion-extension movement at the metacarpophalangeal (MCP) joint of the index finger was sampled 3ϫ and averaged. Control of finger flexion-extension was quantified using the pursuit-tracking task, with cut-off frequencies of 0.2 Hz (slow) and 0.5 Hz (fast) for 60 seconds. Rate of sustained finger tapping was measured at the subject's "near-maximum rate" for 60 and 100 seconds. Maximum isometric force production of the MCP finger flexors and extensors was measured using a custom-designed apparatus with a force transducer. The best of 3 maximum voluntary contractions was used. Both upper limbs were assessed, the "unaffected" first.
PET Activation Protocol
rCBF was measured using 15 O-labeled water during task and rest conditions using a Siemens/CTI 951/31R PET scanner, as described previously. 9 Briefly, the task involved a simple, repetitive fingertapping movement of the index finger of the hand contralateral to the lesioned hemisphere for 100 seconds. Four pairs of tasks and rest conditions were presented in a within-pair-randomized order. The hand and forearm were supported in an individually molded splint, allowing freedom of movement of the index finger. Patients were briefly trained to move the MCP joint of the index finger at an attempted rate of 1.5 Hz (cued by a metronome), using their "near-maximum comfortable" range of movement.
rCBF measurements (31 transaxial planes over a 10.8-cm field of view) were acquired over 100 seconds, with a 6-minute delay between successive images. The head was immobilized using individually molded face masks. Markers on the mask and gantry coordinates were used to guide positioning at the repeat study. Image reconstruction and PET-MR alignment was conducted as described previously, 9 and images were smoothed using an 8-mm full width at half maximum smoothing function. The gray matter threshold was set at 25% of the whole brain mean to avoid discarding infarcted voxels across the group; this was subsequently confirmed by visual inspection of the mask.
Finger tapping during the PET studies was monitored by close-up video for subsequent analysis. Average amplitude and rate of movement were quantified from the video recordings by an independent rater, blind to subject and session details, using customdesigned computer software. Quality of movement (ie, jerkiness, hesitation, effort, speed, range, and overall movement normality) was analyzed by a different independent and experienced rater under blinded conditions using observational kinematic analysis and 10-point visual analogue scales (VAS). 10 A second, whole-body video identified the presence of any associated movements. Subjects recorded their perceived effort associated with the movement task at the end of the PET session using a VAS.
Data Analysis
Impairment scores for the ARAT and each of the parameters of finger-tapping ability were calculated for initial and 6-month studies. Correlation between measures was tested using Spearman (for ARAT) or Pearson's coefficient. Improvement in upper limb function over time (ie, percentage reduction in deficit on the ARAT) was defined relative to initial impairment and amount of improvement possible. 11 Change in performance on the ARAT was tested using nonparametric exact permutation test for a difference between means. Sites of significant ⌬rCBF were determined using statistical parametric mapping (SPM99; Wellcome Department of Imaging Neuroscience; London, UK). All lesions were assigned to the left side of the brain such that images of right-sided lesion were reflected in the midsagittal plane. For correlation analysis, mean ⌬rCBF images were obtained (1 for the contralesional hand of each individual) at initial and 6-month studies. Regression analysis in SPM99 revealed voxel signal intensity significantly correlated with the ARAT impairment score. Analyses were conducted separately for initial and 6-month studies. Regression analysis between percent reduction in deficit on the ARAT and longitudinal ⌬rCBF images (that quantified differences in the ⌬rCBF over time) was also conducted.
Sites correlated with motor impairment or recovery were investigated throughout the brain volume at a voxel-level threshold of PϽ0.01 (uncorrected). Correlated regions were deemed significant at the cluster-level PϽ0.05 (corrected). Site of maxima within significant clusters is reported.
Results
Nine patients were tested on 2 occasions. Patients (mean age 72; SDϭ9.8 years; 7 males) had initial moderate-to-severe paresis. Sites of infarct were: left internal capsule, single-perforatorartery territory (nϭ2); internal watershed (left 1; right 1); paraventricular, single-perforator-artery territory (left 1; right 1); superior division MCA territory (left, partial 1; right, partial 1; right, large 1). One patient (S08) had severe hemianesthesia, and 7 had mildly reduced touch sensation at the fingertips, with minimal change over time. Patients received standard clinical management followed by 1 to 3 months of inpatient rehabilitation (nϭ8), outpatient therapy (nϭ7), or both (nϭ6).
Motor Impairment and Recovery
Impairment scores are reported in Table 1 . Upper limb function (ARAT) correlated highly with range, rate, control, and overall normality of the finger-tapping movement at initial and 6-month studies (Table 2) . Correlations with force were moderate initially, whereas effort showed negative, low-moderate correlations. Range, rate, control, and normality were also highly correlated with each other at initial and 6-month studies (rՆ0.7), except range was only moderately correlated with control (rϭ0.6) and normality (rϭ0.6) at 6 months. Force had moderate correlations (0.4 to 0.6) with rate, control, and normality initially and moderate to high correlations (0.6 to 0.8) at 6 months. Performance on the ARAT was significantly different between initial and 6-month studies (Pϭ0.004).
Neural Correlates of Motor Impairment
ARAT scores for the contralesional hand at the initial study correlated significantly with the corresponding ⌬rCBF, involving clusters in supplementary motor area (SMA), bilateral cingulate gyrus (posterior to vertical anterior commissure [VAC] plane), contralesional insula (extending to middle frontal gyrus), and ipsilesional primary sensorimotor cortex (SM1; Figure 1 ; Table 3 ). In contrast, at the 6-month study, the major region of correlated ⌬rCBF was in the hand area of ipsilesional SM1, extending to the cingulate gyrus. The correlation plots at sites of maximum correlation in each cluster demonstrated a linear relationship (Figure 2 ).
Neural Correlates of Motor Recovery Over Time
Improvement in upper limb function over the 6-month interval of recovery was correlated with a reduction in contralesional activity (204 voxels) in the middle frontal gyrus (22, 20, 28; Zϭ4.46) and insula (22, 28, 8; Zϭ4.16) regions, identified at the initial study, and increased activity (121 Correlations using Spearman . Range, rate, control, and force (extension) were measured outside the scanner. Normality of movement and effort are based on task performance during scanning. 
Discussion
We have shown that upper limb function (measured using the ARAT) is linearly correlated with brain activity (⌬rCBF) in primary and nonprimary motor areas in patients with a wide range of clinical impairment. Moreover, sites of correlated ⌬rCBF differed at initial and 6-month studies. Recovery in upper limb function was also related to longitudinal changes in ⌬rCBF. These findings provide evidence that sites of correlated ⌬rCBF change with time after stroke, according to degree of impairment and recovery, suggesting adaptation in motor networks recruited to perform the simple movement task.
Relationship Between Upper Limb Function and Parameters of Finger Movement
Detailed characterization of motor function across patients with a wide range of impairment and recovery was central to the study. The impairment and recovery observed was consistent with larger behavioral studies. 12 Interestingly, we observed some sparing of fractionated finger movement even in patients with very severe motor impairment.
Rate, range, control, and normality of finger-tapping ability were highly correlated with the ARAT. This suggests concomitant improvement in finger-tapping parameters and functional tasks involving grasp and release and supports use of finger-tapping as a surrogate marker of functional recovery in neuroimaging studies. Perceived effort had a relatively low and negative correlation, consistent with our design in which effort of movement at the time of imaging was at least partially controlled. The need to interpret findings relative to the nature of the deficit and paradigm used is highlighted.
Neural Correlates of Motor Impairment
Better upper limb function at the initial time after stroke was associated with greater ⌬rCBF in nonprimary motor areas (ie, SMA, bilateral cingulate, and contralesional insula). Only a relatively small area of correlated ⌬rCBF was observed in ipsilesional SM1. In contrast, at the time of recovered function (6 months), better upper limb function was correlated with activity in SM1 of the lesioned hemisphere.
Investigation of the potential relationship between movement outcomes and brain activity is still in its infancy. Whereas some studies report different patterns of activation in subgroups of good and poor recoverers, 13, 14 findings from the few studies that have correlated signal change with behavioral outcomes vary in relation to the type of relationship (linear or nonlinear) and the sites involved. [2] [3] [4] A cross-sectional functional MRI (fMRI) study of patients with moderate to mild motor impairment at 3 months (ARAT 10 to 57) reported a negative correlation with degree of task-related activation in SMA, cingulate cortex, premotor cortex, posterior parietal cortex, and cerebellum. 4 Although some sites were similar to those identified in our study, the relationship was negative, such that patients with poorer outcome showed greater activity in these regions. This apparent difference may in part be explained by differences in time studied and impairment levels because patients with better recovery at 2 to 6 weeks in our study still had moderate impairment, consistent with poorer recoverers studied by Ward et al at 3 months. Thus, involvement of additional motor regions appears to be associated with partial recovery of motor ability, subacutely and at 3 months after stroke.
Differences in the motor paradigm used (ie, variation in peak force exerted in a gross grasp 4 versus constant force but variable rate during finger tapping) may also have contributed to the different findings. Evidence of dissociated impairment of force and control 15 and lower correlations between force and motor abilities in our study highlight the potential for differential involvement of the motor network in the 2 tasks.
Correlated activity in SMA, bilateral cingulate, and contralesional insula subacutely may have predictive significance after stroke. SMA proper and cingulate (posterior to VAC) have direct connections with spinal motoneurons, particularly of the wrist and fingers, 16 consistent with use of alternate and parallel motor pathways. The correlated activity we observed in SMA and cingulate was posterior to VAC, areas typically linked with movement execution on the basis of structural and functional evidence. 16, 17 Correlated activity in SMA, cingulate, and insula may also be associated with increased attention to the task, 18 use of alternate strategies for executing the movement, or an increased planning demand, as if finger tapping was a more complex movement. 17 Further, the transient nature of the initial correlated ⌬rCBF may represent dynamic motor learning on the basis of observations of early increased activation in SMA followed by a reduction when the task was learned. 19 Reduced ability to change direction of movement quickly (control) observed is consistent with time delays incurred in accessing contralesional and nonprimary motor areas. At the 6-month study, an association between almost-normal performance and activity in ipsilesional SM1 is consistent with a relative lack of additional nonprimary activation 4 and increased activation in ipsilesional SM1 13 in patients with almost full recovery. It also indicates a more typical involvement of the primary motor cortex, 9,17 which has a greater excitatory effect and more dense corticospinal projections. 20 
Neural Correlates of Motor Recovery Over Time
The magnitude of motor recovery over time was also correlated with change in ⌬rCBF, involving relative reduction in activity in vicinity of contralesional insula and increase in ipsilesional SM1. The dynamic nature of change observed is consistent with ongoing recovery of motor function and highlights the role of the ipsilesional SM1 region in final recovery.
Findings from longitudinal studies are equivocal. Change from distributed contralesional activation subacutely to more focal, ipsilesional activation at the recovered stage is described. 2, 3, 14, 21 This change in laterality was associated with recovery for some 14 but not others. 2, 21 Small et al reported a weak nonlinear relationship in ipsilateral cerebellum but not with ipsilesional or contralesional SM1. 2 Ward et al reported a negative correlation, involving decreased activity in primary motor cortex, premotor cortex, SMA, cingulate, and other motor areas of both hemispheres with good recovery. 3 In our study, correlated activity in SMA, cingulate, and contralesional insula initially, followed by reduction in contralesional activity and increase in ipsilesional SM1, provides converging evidence in support of a "focusing" of activation and return to activation patterns observed in healthy controls 9 in those with good recovery. 1 Importantly, convergence of results is evident despite different imaging modalities (ie, PET and fMRI).
Although only 9 subjects were studied longitudinally, we detected linear correlations with impairment and recovery in support of our hypotheses. Further investigation of infarct site on recovery and neural outcomes 13 is indicated. Figure 2 . Plots of change in percent signal (⌬rCBF) against score on the ARAT are shown for sites of maximum correlated activity in the SMA cluster at the initial study and SM1 cluster at the 6-month study.
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